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We have used monoclonal antibodies that recognize the pronephric tubules or pronephric duct to explore the induction of
the embryonic kidney in developing Xenopus embryos. Morphogenesis of the pronephros was examined in UV-ventralized
and lithium-dorsalized embryos. We find that the pronephric tubules are present in all but the strongest UV-induced
phenotypes, but absent from relatively moderate lithium phenotypes. Interestingly the pronephric duct, which develops
from the ventroposterior portion of the pronephric anlage, is missing from more of the mild UV phenotypes than are
pronephric tubules. The loss of the capacity to form pronephroi in UV-ventralized embryos is caused by the loss of tissues
capable of inducing the pronephric mesoderm, as marginal zone explants from ventralized embryos are still competent to
respond to pronephric-inductive signals. Explant recombination experiments indicate that the tissue responsible for both
the loss of pronephroi in UV-ventralized embryos and the induction of pronephroi during normal development is the
anterior somites. The absence of pronephroi in relatively mild lithium phenotypes has a developmental basis different from
that of the UV phenotype, as explants from lithium-treated embryos are effective inducers of pronephroi in recombinants
with competent mesoderm, even though they themselves do not form pronephroi in isolation. Together these data indicate
that dorsal tissues, especially the anterior somites, are responsible for the establishment of the intermediate mesoderm and
the induction of the embryonic kidneys and that even mild dorsalization destroys the capacity to form cells competent to
receive this signal. © 1999 Academic PressKey Words: kidney; pronephros; pattern formation; induction; tubule; duct.
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The pronephros is derived from the intermediate meso-
derm, a strip of cells located between the somites and the
lateral plate of post-gastrula-stage embryos. The first visible
sign of pronephric development is observed around stage 21
when cells segregate away from the intermediate mesoderm
and condense into the pronephric anlage (Hausen and
Riebesel, 1991; Vize et al., 1997). The anterior/dorsal por-
ion of the anlage develops a lumen and differentiates into
he pronephric tubules, which then extend and coil, while
he posterior/ventral portion migrates posteriorly and fuses
ith the rectal diverticulum to form the pronephric duct
1 Present address: Institute for Molecular and Evolutionary Ge-
netics, Department of Biology, Pennsylvania State University,e
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2 To whom correspondence should be addressed.
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Little is known about the inductive signals that pattern
he pronephric mesoderm (Burns, 1955; Saxe´n, 1987). These
ignals function during gastrulation and by stage 13 pro-
ephric mesoderm can be explanted and form pronephric
ubules in isolation (Brennan et al., 1998). Some of the
enes that respond to these inductive signals and act to
pecify the pronephric anlage have also been characterized
Carroll and Vize, 1999), but the nature of the inductive
ignals themselves, their distribution, and their mode of
ction remain unknown.
In this report we demonstrate that the pronephros is a
seful marker of anterior intermediate mesoderm and can
e used to study differences in mesodermal pattern in
mbryonic phenotypes difficult to distinguish using mark-
rs such as somite, notochord, or the neural structures
nduced by them. We also show that both UV ventralization
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234 Seufert et al.and lithium dorsalization result in the inhibition of pro-
nephric development, and the development of pronephroi
in embryos with these body plan phenotypes is used to
characterize the corresponding patterning defects in such
embryos. Recombination experiments demonstrated that
the basis of the block to pronephric development in UV-
ventralized embryos is the lack of the inductive signals
necessary for pronephric specification and that these signals
are normally derived from the anterior somites. The block
to kidney development in lithium-dorsalized embryos is
the approximate reverse of the UV-ventralized situation. In
lithium-dorsalized embryos the pronephric-inducing sig-
nals remain, but no cells capable of responding to these
signals are present. In addition to demonstrating the basis of
the block to pronephric development in these two pheno-
types, these studies add to our understanding of the nature
and location of pronephric-inducing and responding regions
of the embryo and indicate that the presumptive anterior
somites play a key role in this process. These data also
indicate that pronephric induction may be a relatively late
event in the process of mesodermal induction and patterning.
MATERIALS AND METHODS
Embryos were generated and manipulated by standard proce-
dures (Vize et al., 1991). UV irradiation of the vegetal pole (30 to
0 s) was performed using a quartz cuvette 25 to 40 min postfer-
ilization. Lithium chloride treatment of early blastulae was per-
ormed by published methods (Kao and Danilchik, 1991). Lithium
reatments were performed at the 32- or 64-cell stage for 7, 8, or 9
in with 0.3 M LiCl dissolved in water. Embryos were then
xtensively washed and raised in 0.23 MMR (Peng, 1991).
Embryos were scored for ventralization or dorsalization accord-
ng to the dorsoanterior index (DAI) of Kao and Elinson (1988). All
taging was according to Nieuwkoop and Faber (1994).
Recombinants of early gastrula stage (stage 10.25) explants were
erformed in 0.53 MMR supplemented with antibiotics (Sigma
ntibiotic/antimycotic). Using fine forceps and eyebrow hair
nives, lithium-treated embryos were dissected into quarters using
wo orthogonal cuts and recombined with either one lateral half of
UV-irradiated embryo or the ventral half of a nonirradiated
mbryo. In some instances explants were made from embryos that
ad been previously microinjected with b-galactosidase mRNA as
a lineage tracer. Recombinants were raised until control embryos
reached stage 35 to 37.
Tissues with pronephric-inducing activity were identified by
coculture of prospective inducing tissues with competent meso-
derm within ectodermal wraps. Competent lateral plate mesoderm
was removed from stage 11.5 embryos, prior to the attainment of
pronephric specification (Brennan et al., 1998). A section of lateral
mesoderm with its dorsal edge approximately 40° from the dorsal
midline and ventral edge approximately 15° below this was used as
the competent tissue. This area corresponds to presumptive pro-
nephros and/or presumptive lateral plate, as removal of this region
from one side of embryos resulted in unilateral pronephroi in 19/28
control embryos (not shown). Potential inducing tissues including
anterior somite, notochord, or neural tissue, were removed from
stage 17 embryos. This was done by first removing the neural plate
and underlying tissues from the remainder of the embryo. This
Copyright © 1999 by Academic Press. All righttissue was then treated with 20 mg/ml collagenase for 20 min at
oom temperature. Presumptive anterior somitic tissue was then
emoved in a strip approximately five somites long from the ventral
ide of the explant. The adjacent section of notochord was also then
emoved. An adjacent section of neural tissue was then removed
nd its overlying ectoderm peeled away. Explants of lateral meso-
erm and prospective inducing tissues were then cocultured be-
ween two ectodermal caps taken from stage 9 blastulae. Such one-,
wo-, or three-way recombinants were then raised to stage 41 (with
espect to the competent lateral plate mesoderm) and stained with
ntibodies 3G8 and 4A6. These dissections were performed in
ull-strength MBS solution (Peng, 1991), as were 15-min healing
ncubations. Healed explants were raised in 0.53 MBS.
b-Galactosidase staining was performed as described (Walling-
ford et al., 1998). Whole-mount immunohistochemistry (Klym-
kowsky and Hanken, 1991) was performed by previously described
methods using the antibody 3G8, which recognizes pronephric
tubules, and antibody 4A6, which recognizes the pronephric duct
(Vize et al.,1995). Documentation of whole-mount staining was
performed by video capture using an Optronics LX450, Mitsubishi,
DAT image capture and a NeXTDimension system.
RESULTS
Pronephric Development in UV-Ventralized
Embryos
Vegetal irradiation of Xenopus embryos during the first
half of the first cell cycle blocks cortical rotation and results
in embryos deficient in dorsoanterior structures (Scharf and
Gerhart, 1983). A continuum of phenotypes can be obtained
from normal through to ventral belly pieces, grades 5 to 0,
respectively, by the DAI of Kao and Elinson (1988). A series
of UV embryos were generated in this manner and allowed
to develop to stage 35 to 37 when they were fixed and
stained with antibody 3G8 to detect pronephric tubules and
12/101 (Kintner and Brockes, 1984) to detect somitic
muscle. The otic vesicle is also detected by antibody 3G8
but stains much more lightly. The otic vesicle also becomes
misshapen in severe UV phenotypes and can be difficult to
recognize by morphology alone. To ensure that otic vesicle
was not confused with pronephros, histochemical staining
was stopped when control embryos showed clear staining of
the pronephros but only faint staining of the vesicle. Addi-
tionally, otic staining is often punctate, whereas pronephric
staining occurs along the tubule lumen, and together these
observations make the identification of pronephric tubules
very precise.
The pronephros was found to be quite resistant to the
phenotypic effects caused by early UV irradiation (Table 1).
Over 200 embryos with DAI grades of between 3 and 0 were
examined. Embryos with DAI values down to 2 (microce-
phalic, some muscle) still demonstrated clear 3G8 immu-
noreactivity in an organ that looked very much like the
pronephroi of control embryos, with three dorsal branches
and a broad ventral common tubule (Vize et al., 1997).
However, pronephric tubules were detected only in a small
percentage of embryos with a DAI of 1 (4/15, 27%), al-
though such embryos can still contain a considerable
s of reproduction in any form reserved.
FIG. 1. Muscle and pronephric tubule in UV-ventralized embryos. Somite was detected with antibody 12/101 using an orange substrate and
pronephros with antibody 3G8 and a dark blue substrate. In all images except G anterior is to the left and dorsal is up. The arrows indicate
pronephric staining. Insets show enlargements of the pronephric tubules in the corresponding image, outlined with a dashed light blue line (A,
B, D, and E). (A) Control embryo, DAI grade 5. As this is a cleared embryo, the pronephric tubules of the opposite (right) side of the embryo are
also visible as a faint shadow. (B) Mild UV phenotype, DAI grade 4. (C) DAI grade 3. (D) DAI grade 2.5; note that the pronephric tubules are present
below the most anterior somite. (E) DAI grade 2; the pronephros extends anterior to the somites. (F) Severe DAI grade 1. (G) DAI grade 0.
235
w
t
i
F
w
(
(
p
l
i
n
s
U
n
D
w
w
f
f
3
4
T
L
L
fi
T
P
e
236 Seufert et al.amount of somitic tissue (Fig. 1). The point at which the
pronephros is no longer present is difficult to ascertain from
the gross morphology and DAI grade of embryos, and the
point at which pronephric tubules no longer form is best
illustrated by the images in Fig. 1 rather than the DAI
scores in Table1. In some grade 2 embryos the pronephros
can be seen to be adjacent to the anteriormost somites,
unlike normal embryos in which it is present below
somites 3 and 4 (Fig. 1). The disappearance of the anterior
(head) somites and the pronephroi is simultaneous as far as
can be determined from these experiments, and this occurs
somewhere between a DAI score of 1 and of 2. A small
number of embryos (4/44, 10%) that appear to be DAI grade
2 embryos did not have any detectable 3G8 staining, while
others had only small and sometimes fragmented proneph-
ric structures, confirming that this is the point of extinction
of the capacity to form pronephroi.
In order to visualize whether the pronephric duct was
affected by ventralization in a manner similar to that of the
pronephric tubules, UV-ventralized embryos were raised to
later stages at which the duct begins to express the epitope
for antibody 4A6 and double stained for both tubules (3G8)
and duct (4A6). The pronephric duct is absent from most
(91%) samples with a DAI of 3, a considerably milder
phenotype than that in which the capacity to form proneph-
ric tubules is lost (Table 1). This is surprising, given that the
duct is derived from the ventroposterior portion of the
pronephric anlage, and ventralization might be expected to
cause a shift from tubule to duct fate. The implications of
this observation will be discussed below.
Pronephric Development in Lithium-Dorsalized
Embryos
Embryos were dorsalized by treatment of early blastula
with 0.3 M LiCl for 7, 8, or 9 min, rinsed, and raised to
between stage 35 and stage 37, when they were scored for
the extent of dorsalization. These treatments each gener-
TABLE 1
Development of Pronephric Tubules and Pronephric Ducts in
UV-Ventralized Embryos
DAI N
Pronephric tubules Pronephric duct
3G81 %3G81 4A61 %4A61
5 38 38 100% 35 92%
4 70 70 100% 26 37%
3 67 67 100% 6 9%
2 44 40 91% 0 0%
1 15 4 27% 0 0%
0 100 0 0% 0 0%
Note. N, number of samples; 3G81, number of samples with
G8-positive pronephric tubules; 4A61, number of samples with
A6-positive pronephric ducts.ated a broad range of dorsalized phenotypes, as is illustrated
in Table 2A. A series of embryos with DAI grades of 5 to 8
w
p
Copyright © 1999 by Academic Press. All rightas then stained for the presence of pronephric tubules and
he frequency with which pronephroi were observed scored
n Table 2B. Representative embryos are also illustrated in
ig. 2. Pronephric tubules were always observed in embryos
ith a DAI grade of 6 or less, sometimes in DAI grade 7
58%), but never in embryos with a DAI grade of 8 or higher
Table 2B, Fig. 2). Radial kidneys were not observed, and
ronephric tubules were never observed in embryos with a
ithium phenotype severe enough to contain other radial-
zed structures such as eyes or cement glands. Smaller
umbers of embryos were raised to stage 40 and double
tained for both pronephric tubules and pronephric duct.
nlike the situation in UV-ventralized embryos, both pro-
ephric tubules and pronephric duct are lost at a similar
AI in lithium-dorsalized samples (Fig. 2).
The otic vesicle, which also stains with antibody 3G8,
as still present in embryos with a DAI grade of 8 or more,
ell after the point at which pronephroi are no longer
ormed (Table 2B). This served as a useful positive control
or immunohistochemistry.
Basis of Defects in Pronephric Development in UV-
Ventralized and Lithium-Dorsalized Embryos
As demonstrated in Figs. 1 and 2, ventralized embryos
with a DAI of below 2 and dorsalized embryos with a DAI
of above 7 do not form pronephric tubules. The loss of the
ABLE 2A
ithium and DAI
Li
treatment N
DAI
5 6 7 8 91
7 min 57 10% 14% 16% 37% 23%
8 min 39 0 0 10% 53% 36%
9 min 125 3% 3% 9% 41% 49%
Note. DAI phenotypes in response to various lithium treatments.
ithium treatments were performed for the times indicated in the
rst column and then raised to stage 35, and their DAI were scored.
ABLE 2B
ronephros and DAI
DAI N
Pronephric
tubules
Otic
vesicles
5 9 100% 100%
6 11 100% 100%
7 22 58% 73%
81 131 0% 11%
Note. Development of pronephric tubules in lithium-dorsalized
mbryos. Stage 35 embryos with DAI values of between 5 and 10
ere stained with antibody 3G8 and scored for the presence of
ronephric tubules and otic vesicles.
s of reproduction in any form reserved.
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237Pronephric Defects in Xenopuscapacity to form pronephroi in UV-ventralized embryos
could be due to the loss of the pronephric-inducing signal or
to the absence of tissues capable of responding to the
inductive signal. The same two possibilities apply to
lithium-dorsalized embryos. In order to resolve which of
these two possibilities was correct in each case, explants
from UV and lithium embryos were tested for their ability
to form pronephroi in isolation and in recombinants.
Embryos were irradiated with UV shortly before cortical
rotation and raised to early gastrula stage 10.25, when
control embryos were beginning to form a dorsal lip. Some
of the UV samples were cultured as whole embryos to score
DAI values, while the remainder were dissected into lateral
halves along the animal–vegetal axis. Only batches in
which controls had a low frequency of pronephric develop-
ment (8%) were used. The half-embryos were either cul-
tured in isolation or recombined with a similarly prepared
quarter-embryo explant from lithium-dorsalized gastrulae
(Fig. 3). Once again, only batches of lithium-treated em-
bryos that resulted in a very low frequency of pronephric
development in controls (4%) were used. In addition, the
quarter of the embryo chosen for use as an explant was
taken from what appeared to be the most dorsal side of the
embryo to minimize the chance that such explants would
form pronephroi in isolation, which they did not (Table 3).
This was also the reason that quarter- rather than half-
embryo explants from lithium embryos were used. The
dissection and recombination scheme used is outlined in
Fig. 3. The various explants, recombinants, and controls
were then raised to stage 35 and pronephric tubules de-
tected by 3G8 immunohistochemistry (Table 3).
UV-ventralized whole embryos formed pronephroi only
when their DAI was close to 2, and the vast majority (92%)
formed no pronephroi when grown to stage 35. Half-
embryos derived from this same sample set did not form
any pronephroi when cultured in isolation, indicating that
no compensation occurred in explants removed from the
remainder of the embryo. In this same experiment, lithium-
dorsalized embryos also only very rarely formed pronephroi
(probably due to variation in the severity of the phenotype)
and one-quarter-embryo explants removed at gastrula
stages and grown to stage 35 never formed pronephroi.
However, when UV half-embryos were cultured in contact
with lithium quarter-embryos the vast majority (80%) of
the embryoids that developed contained one or more pro-
nephroi (Table 3). These data indicate that although neither
ventralized nor dorsalized embryos form pronephroi the
various components required for pronephric development
are in place and are somehow separated by the two embry-
onic phenotypes.
In order to establish which type of explant contained the
pronephric-inducing signals, and which type contained the
cells competent to respond to these signals, the above
experiment was repeated using lineage tracers in either the
UV-ventralized or the lithium-dorsalized explants.The lineage tracer was introduced by injecting mRNA
encoding b-galactosidase into both blastomeres at the two-
Copyright © 1999 by Academic Press. All rightell stage (Vize et al., 1991). In the case of UV-ventralized
mbryos this was performed post-UV ventralization, and in
he case of lithium-dorsalized embryos, prior to treatment
ith lithium. Embryos were then raised to early gastrula
tages, microdissected, and cultured either in isolation or in
ontact with other explants (Fig. 3). Controls, explants, and
ecombinants were raised to stage 35, fixed, developed for
b-galactosidase activity when appropriate, and stained with
antibody 3G8 to detect pronephric tubules (Fig. 4, Table 4).
Once again, explants from neither the ventral half of
normal embryos, the UV half-embryos, or the lithium
quarter-embryos formed any pronephroi when grown to
stage 35 in isolation. However, recombinants containing
lithium quarter-embryos cultured in contact with normal
half- or UV half-embryos formed pronephroi in the majority
of cases (81%). In recombinants in which the UV half-
embryo contained a lineage tracer and the lithium quarter-
embryo did not, the majority (76%) of induced pronephroi
contained the lineage tracer (Fig. 4, Table 4). This observa-
tion clearly demonstrates that the lithium-dorsalized tissue
retains the capacity to induce pronephroi, and UV-
ventralized tissue remains competent to respond to this
signal as most pronephroi that form from traced UV tissue
contain b-galactosidase. The inability of lithium-dorsalized
mbryos to form pronephroi must be due to the lack of cells
ompetent to respond to this inductive signal. The inability
f UV-ventralized embryos to form pronephroi is due to the
bsence of the pronephric induction signal and not to any
efect in competence.
In this series of experiments, recombinants in which the
ineage label was present in the lithium-dorsalized explant
lso developed pronephroi containing the tracer, but this
ccurred at a very low frequency. In this instance 18% of
he 68% of samples that contained induced pronephroi
ontained the lineage tracer, that is, 12% of recombinants
n this experiment (Table 4). This low level of labeled
ronephroi indicates that contact with ventral tissue, or the
xperimental procedure itself, sometimes leads to the ven-
ralization of dorsal tissue and the formation of pronephric
ubules. This observation is consistent with the observa-
ions of Yamada (1940) and Forman and Slack (1980),
ndicating that presumptive somite will form pronephric
ubules in explants under some experimental conditions.
Anterior Somites Are the Source of a Dorsal
Pronephric-Inducing Signal
In UV-ventralized embryos the pronephros and the ante-
rior somites are deleted at similar stages. As the UV
phenotype becomes slightly stronger the placement of the
pronephros relative to the most anterior somites shifts,
such that shortly before it is no longer present the pro-
nephros is situated either directly under (ventral), or even
slightly anterior to, the anteriormost somite (Fig. 1). The
similar points of extinction of these structures and the
pronephros may indicate a common inductive source, or it
may be due to these structures being responsible for the
s of reproduction in any form reserved.
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239Pronephric Defects in Xenopusinduction of the pronephros. In order to determine if the
loss of a signal from the anterior somites is responsible for
the UV phenotype, and for the induction of the pronephros
during normal development, the capacity of this and other
potential inducing tissues to induce pronephroi in compe-
tent mesoderm was tested.
Lateral mesoderm, removed in a wedge extending from
between 60 and 80° from the dorsal midline of stage 11.5
donor embryos, is not yet specified to form pronephric
FIG. 4. Pronephric tubules in UV/lithium recombinants. All samp
ntibody 3G8. No pronephric tubules are present. (B) Proneph
b-galactosidase lineage-traced UV-ventralized half-embryo and an
developed using a light blue/green substrate, and the border betwe
TABLE 3
Interactions between Ventralized and Dorsalized Explants
Reestablish the Capacity to Form Pronephroi
Number DAI
Pronephric
tubules
Control embryos 10 100% DAI5 100%
UV embryos 64 75% DAI0 8%
17% DAI1
6.2% DAI2
UV 12 embryos 11 na 0%
Lithium embryos 43 65% DAI10 4%
14% DAI9
9% DAI7
2% DAI6
Lithium 14 embryos 15 na 0%
Recombinants
(UV 12 1 Li
1
4)
20 na 80%
Note. UV-ventralized embryos or half-embryos and lithium-
dorsalized embryos or quarter-embryos were raised alone or as
recombinants and scored for pronephric tubules by 3G8 immuno-
histochemistry at stage 35/36. na, not assayed.marked with a dashed red line. A dark blue substrate was used to det
lithium quarter-embryo; no tubules are present.
Copyright © 1999 by Academic Press. All rightubules (Brennan et al., 1998). When cultured in an ectoder-
al sandwich between two stage 9 animal caps such
esoderm does not form pronephric tubules or pronephric
uct (Fig. 5 and Table 5). When such mesoderm was
ultured within an ectodermal sandwich that also contains
tage 17 presumptive anterior somitic tissue, pronephric
ubules (but not pronephric duct) formed in 7/20 samples.
uch three-way recombinants containing presumptive no-
ochord or presumptive neural tissue never formed pro-
ephric tubules (Table 5). The low frequency of pronephric
ubules in lateral mesoderm/presumptive somite recombi-
e stage 35 equivalent. (A) UV-ventralized half-embryo stained with
ubules (black arrow) in a 3G8-stained recombinant between a
raced lithium-dorsalized quarter-embryo. The lineage tracer was
he lineage-traced UV explant and the untraced lithium explant is
TABLE 4
Lithium-Dorsalized Explants Retain the Pronephric-Inducing
Signal, and UV-Ventralized Explants Remain Competent
to Respond to This Signal
Operation
Number of
samples
% with
pronephroi
% with
tracer in
pronephroi
Ventral 12 28 0 na
Lithium 14 80 0 na
UV 12 67 0 na
UV whole embryos 102 6% na
Ventral 12 1 ventral
1
4 8 0 na
Ventral 12 1 lithium
1
4 71 84% na
UV 12 1 lithium
1
4 65 52% na
UV 12 (lacZ) 1 lithium
1
4 21 81% 76%
UV 12 1 lithium
1
4 (lacZ) 59 68% 18%
Note. The formation of pronephric tubules in controls and
ecombinants was assayed by 3G8 immunohistochemistry. na, not
ssayed; lacZ, b-galactosidase lineage traced.les ar
ric t
unt
en tect pronephric tubules. (C) 3G8-stained embryoid derived from a
s of reproduction in any form reserved.
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240 Seufert et al.nants is not surprising given both the complexity of this
operation and the use of later stage inducing tissue. The
pronephric tubules are normally specified by stage 12.5 so
the stage 17 inducing tissue is considerably older than it is
during embryonic pronephric induction. However, this was
FIG. 5. Induction of pronephric tubules in tissue recombinants.
Responsive mesodermal tissue, shown in light gray, corresponding
to prospective lateral plate and pronephric mesoderm, was isolated
from stage 11.5 embryos. This tissue was cultured either alone or in
combination with various potential inducing tissues within an
ectodermal sandwich made using two stage 9 animal caps. The one-
(ectoderm only), two- (ectoderm plus lateral mesoderm), or three-
(ectoderm, lateral mesoderm plus potential inducer) way recombi-
nants were developed to stage 41 (with respect to the competent
mesoderm) and stained with 3G8 and 4A6 to detect pronephric
tubules and pronephric ducts. For additional details on dissection
technique please see Materials and Methods.
TABLE 5
Results of Explant/Recombinant Analysis
Tissue explant present within
ectodermal sandwich
Number of explants
assayed
at mesoderm only 20
at meso 1 somite 20
omite only 25
at meso 1 notochord 19
otochord only 20
at meso 1 neural tissue 5
eural tissue only 7
ctoderm sandwich (no insert) 27
Note. Recombinants, plus controls, were raised to the equivalent
f inducing pronephric tubules under these conditions was prospectiv
bserved in any recombinants. lat, lateral; meso, mesoderm.
Copyright © 1999 by Academic Press. All righthe earliest stage at which these tissues could be accurately
solated in order to be able to perform these experiments.
hese data effectively confirm the identification of the
nterior somites as a source of pronephric-inducing
ctivity. An example of a sandwich explant containing
ronephric tubules induced by presumptive somitic tis-
ue is illustrated in the supplemental materials (http://
ize222.zo.utexas.edu/uv.html).
The failure of notochord to induce pronephric tubules in
ompetent mesoderm is consistent with the UV data (Table
), as notochord fails to develop in relatively mild UV-
entralized embryos, at around a DAI of 3 (Clarke et al.,
991), and such embryos still form pronephroi (Table 1).
he correlation between the inability to form pronephroi
nd the development of the nervous system was not assayed
n the UV experiments, but the preliminary neural/
esodermal explant data presented here indicate that this
issue is an unlikely source of this activity in the embryo.
DISCUSSION
The antibodies 3G8 and 4A6 have previously been used to
describe the morphogenesis of the Xenopus pronephros and
to study patterning of the pronephric tubules and proneph-
ric duct in late gastrulae and early neurulae (Vize et al.,
995; Brennan et al., 1998). As a mesodermal derivative the
tubules of the pronephros are a particularly useful marker of
both anterior/posterior and dorsal/ventral mesodermal pat-
tern. This is illustrated in Fig. 1, in which the pronephros
highlights the dorsoanterior nature of pattern deletion
caused by UV irradiation and differentiates between em-
bryos that appear very similar using other mesodermal
markers.
At no point in the continuum of ventralized phenotypes
observed in UV-treated embryos were pronephroi of larger
than normal size observed. This was also the case in
lithium-dorsalized embryos. It has been argued that the
ber of explants containing
nephric tubules (3G81)
Number of explants containing
pronephric duct (4A61)
0 0
7 0
0 0
0 0
0 0
0 0
0 0
0 0
ge 41 and stained with 3G8 and 4A6. The only tested tissue capableNum
pro
of sta
e anterior somites. No 4A6-positive pronephric duct tissue was
s of reproduction in any form reserved.
241Pronephric Defects in Xenopuspronephros is specified in response to a specific combina-
tion of morphogen signals prior to the onset of gastrulation,
and various mesoderm-inducing and -patterning molecules
can induce pronephric tubules in animal cap ectoderm
(Green and Smith, 1990; Niehrs et al., 1994) and dorsal
marginal zone explants (Dosch et al., 1997). However,
tubules are observed only if somite is also present, and no
conditions capable of inducing only pronephric tubules
have yet been identified. If pronephroi were specified by
early interactions between dorsal and ventral mesoderm
one would expect that at some point in one of these two
phenotypes enlarged pronephroi might be observed, but this
was not the case. Additionally, the explant experiments of
Dale and Slack (1987) demonstrate that marginal zone
tissue from blastula stages (stage 8) form only dorsal struc-
tures (notochord, somites), in the case of dorsal explants, or
ventral structures (blood, mesothelium) in the case of
ventral and lateral explants. Pronephros is formed from
gastrula-stage lateral marginal zone explants, but only at a
lower frequency than muscle formation. Together these
observations indicate that the pronephros may be specified
in response to secondary interactions between somitic and
lateral plate mesodermal tissues that occur during gastru-
lation. Experiments with high doses of retinoic acid (RA) in
combination with activin have obtained a high frequency of
pronephric tubules in explanted ectoderm (Moriya et al.,
1993), but the time at which the RA treatment impinges
upon pronephric patterning has not yet been established
and so cannot be reconciled with the data discussed above.
The relative sensitivity of duct specification to ventral-
ization (Table 1) is intriguing. As the duct is specified even
later in development than are the pronephric tubules (Bren-
nan et al., 1998), it cannot be patterned during the early
phase of dorsalizing and ventralizing interactions that ini-
tially subdivide the mesoderm shortly after the midblastula
transition. Together these observations indicate that the
tubules may in fact induce the duct. Tubules may be
specified by anterior somite–lateral plate interactions dur-
ing gastrulation, and the presumptive tubule cells may then
in turn induce the duct precursors. This would be the
reverse of the situation in meso- and metanephroi in which
the duct plays a role in tubule induction. Contradicting this
contention is the observation that the duct can form in
isolation from the tubules from approximately stage 12.5
onward (Vize et al., 1995). However, as the tubules are
specified by this stage they may have already acted to
specify the duct precursors. The size of pronephric tubules
in UV-ventralized embryos was not quantified in these
experiments, and the absence of pronephric ducts in mild
UV phenotypes may be due to a reduction in size of the
tubules in such embryos.
The capacity of lithium-dorsalized mesoderm to induce
pronephroi in UV-ventralized mesoderm could be due to
the lithium tissue directly inducing pronephroi, or it could
be due to dorsoventral interactions repatterning the recom-
binants, recreating normal pregastrulation patterning
events. While the data presented here cannot rule out either
Copyright © 1999 by Academic Press. All rightpossibility, the majority of evidence indicates that the
effect is direct rather than secondary. Such evidence in-
cludes the stage at which the UV/Li recombinants were
performed, which was stage 10.5, considerably later than
normal dorsoventral interactions within the marginal zone
and only shortly before the pronephros is normally specified
at stage 13 (Brennan et al., 1998). The observation that
UV-ventralized mesoderm is competent to respond to sig-
nals from lithium-dorsalized mesoderm, while lithium-
dorsalized mesoderm is much less responsive to UV-
ventralized mesoderm, also supports this conclusion.
Pronephroi that form in UV-ventralized mesoderm may
represent a direct response of competent tissues to
pronephric-inducing signals, while the low frequency of
pronephric tubules that develop from lithium-dorsalized
tissue may represent the ineffective reestablishment of a
dorsoventral axis.
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